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In Brief
Adrian et al. identify CEACAM3, a granulocyte protein involved in recognition and phagocytosis of bacteria, as one of the fastest-evolving human genes. This receptor appears to be caught in a Red Queen scenario, where variable surface proteins of bacterial pathogens mandate reciprocal adaptations in CEACAM3 to sustain its immune function.
INTRODUCTION
Infectious agents are a major driving force during evolution, including the evolution of man and other mammals [1] . The increased allele frequency of sickle cell b-hemoglobin found in human populations living in malaria-endemic regions is a textbook example of a potentially deleterious gene polymorphism maintained due to selective pressure by a specialized parasite [2] . Genome sequencing has revealed that several immunityrelated human genes, such as the viral RNA-editing enzyme APOBEC3H, are under positive selection [3, 4] . The concept of a constant molecular ''arms race'' between pathogens and their hosts is in line with the so-called Red Queen hypothesis [5] , but examples for variability in bacterial pathogens and co-occurrence of positive selection in corresponding human defense genes are lacking.
We and others have identified epithelial surface proteins of the human carcinoembryonic antigen-related cell adhesion molecule (CEACAM) family as targets for diverse human-restricted bacteria [6] . Members of this immunoglobulin (Ig) receptor family are expressed on the apical surface of mucosal cells lining the nasopharynx, the intestine, and the genitourinary tract [7, 8] . Several gram-negative pathogens, including Haemophilus influenzae, H. aegyptius, Helicobacter pylori, Neisseria gonorrhoeae, N. meningitidis, and Moraxella catarrhalis, express specialized adhesins to associate with the amino-terminal Ig-variable (IgV)-like domain shared by all CEACAM family members [9] [10] [11] [12] [13] . Attachment to apically expressed CEACAMs appears to facilitate bacterial colonization of the mucosal surface, not only by providing a direct molecular connection to the epithelium, but also by suppressing the exfoliation and detachment of infected superficial cells [14] [15] [16] . In contrast to this obvious advantage gained by microbes on the level of the epithelium, CEACAM-mediated recognition by innate immune cells appears to have detrimental consequences for the microorganism. In particular, CEACAM3, a family member expressed on polymorphonuclear granulocytes (PMNs; neutrophils), is responsible for the rapid opsonin-independent phagocytosis and clearance of CEACAM-binding microbes [17, 18] . While the extracellular IgV-like domain of CEACAM3 shares high sequence similarity with CEACAM1, CEA, and CEACAM6, the intracellular domain of CEACAM3 is unique and responsible for the specific function of this protein. Indeed, tyrosine residues within the carboxy-terminal hemi immunoreceptor tyrosine-based activation motif (hemITAM) are phosphorylated upon receptor engagement and recruit several cytoplasmic proteins [18] [19] [20] [21] [22] . These trigger an intracellular signaling cascade stimulating bactericidal and immunostimulatory responses of granulocytes, including rapid phagocytosis, activation of the oxidative burst, and NF-kB-dependent gene expression [23, 24] .
Obviously, detection by granulocyte-expressed CEACAM3 is to the disadvantage of the involved bacteria. It is therefore not surprising that pathogens seem to avoid recognition by CEACAM3 while retaining binding to epithelial CEACAMs. This phenomenon is most obvious in the case of Neisseria gonorrhoeae. In this species, a single strain contains up to 11 distinct gene loci encoding CEACAM-binding adhesins, the so-called colony opacity-associated (Opa) proteins [25] . For two strains, the CEACAM-binding profile of the complete Opa protein repertoire has been analyzed [26, 27] . In each case, 10 out of 11 Opa proteins bound to epithelial CEACAMs, while only few adhesins (3 or 1 out of 11) were also recognized by CEACAM3 [27] . This finding indicates that pathogens evolve adhesins with a preference for binding to epithelial CEACAMs and avoiding the granulocyte phagocytic receptor CEACAM3.
A situation similar to N. gonorrhoeae Opa proteins has been observed for H. influenzae (Hinf) OMP P1, which functions as the CEACAM-binding adhesin of this microbe. OMP P1 proteins from a variety of Hinf isolates recognize CEACAM1, but at the same time do not bind to CEACAM3 [12] . The only CEACAMbinding OMP P1 variant that is recognized by CEACAM3 has been identified in the related species H. aegyptius [12] . Akin to neisserial Opa proteins, OMP P1 proteins isolated from different Haemophilus strains show a high degree of sequence variation in their extracellular parts [12] . Again, escape from detection by CEACAM3 could explain this genetic diversity. We reasoned, therefore, that human CEACAM3 could be involved in an evolutionary arms race with human-restricted bacteria and that CEACAM3 phylogeny would provide insight into the co-evolution of this innate immune receptor and its bacterial ligands.
By identifying and comparing CEACAM3 orthologs from different primate species, we present evidence that CEACAM3 is under extraordinary strong positive selection in humans. Amino acid changes in the extracellular domain of CEACAM3 from rhesus monkeys to humans translate into the ability of this receptor to detect and phagocytose specific bacteria. In particular, we identify a single amino acid residue that, when changed from gorilla to the human sequence, supports binding to Haemophilus aegyptius OMP P1. Furthermore, the co-occurance of singlenucleotide polymorphisms (SNPs) in human CEACAM3, as observed in $40% of the African population, determines the binding to distinct neisserial Opa proteins. Together, our results establish CEACAM3 as one of the most rapidly evolving human genes, where frequent amino acid changes allow adaptation to distinct human-restricted pathogens.
RESULTS
The Granulocyte Receptor CEACAM3 Is under Exceptionally Strong Positive Selection DNA and amino acid sequence analysis of 13,000 orthologous proteins in humans, chimpanzees, and rhesus monkeys revealed a set of $150 genes with elevated ratios of non-synonymous substitution per non-synonymous site and synonymous mutations per synonymous site (dN/dS ratios), indicating positive selection [28] . Among these fast-evolving primate genes were several members of the CEACAM family, in particular CEACAM1, CEACAM5, and CEACAM6, which serve as epithelial docking sites for bacterial pathogens [6] . Compared to the average dN/dS ratio of human versus chimpanzee genes (0.3) [29] , the binding mediating IgV-like domains of CEACAM1 and CEACAM5 have dN/dS ratios >1 when the human sequences are compared with the orthologous sequences of chimpanzees, orangutans, or macaques, indicating positive selection ( Figure 1A) . In comparison, the terminal Ig fold of VCAM, a member of the Ig superfamily responsible for binding to a 4 b 1 -integrin, is under strong purifying selection with a dN/dS ratio far below 1 ( Figure 1A) .
In contrast to the epithelium-associated CEACAM family members CEACAM1 and CEA, primate orthologs of CEACAM3 had not been included in prior comparative evolutionary studies [28] . As CEACAM3 is the innate immune receptor, which detects and eliminates CEACAM-binding bacterial pathogens, it should be, according to the Red Queen hypothesis, under positive selection.
Therefore, we first searched primate genomes for the presence of CEACAM3 orthologs. Using sequence similarity searches, gene synteny, exon-intron structure, and the presence of a hemITAM, we were able to identify CEACAM3 orthologs in the genomes of Old World monkeys, including Macaca mulatta, Papio anubis, Pongo abelii, Gorilla gorilla, and Pan troglodytes ( Figure 1B ). With the exception of Papio anubis, CEACAM3 orthologous sequences from these species had been reported before [30] [31] [32] [33] . In all these genomes, orthologs of human CEACAM3 were located at the syntenic position with the identical transcriptional orientation within the CEACAM gene cluster (Figure S1). In contrast, CEACAM3 orthologs were absent from the available genomes of New World monkeys or lemurs [34, 35] , suggesting that CEACAM3 first emerged after the divergence of Old World and New World monkeys ( Figure 1B ). Furthermore, the syntenic chromosomal locus of the gibbon (Nomascus leucogenys) also did not contain a CEACAM3 ortholog, which is presumably lost from this species due to genomic rearrangements occurring on chromosome 19 [36, 37] ( Figure 1B ). Sequence alignment of CEACAM3 orthologs indicated a high degree of conservation in the amino-terminal signal sequence, the transmembrane region, and the C-terminal intracellular domain, including the ITAM-like motif, which initiates downstream signaling upon receptor engagement ( Figure 1C ). In contrast, considerable amino acid sequence diversity could be seen in the extracellular IgV-like domain responsible for ligand binding ( Figure 1C ). Due to the amino acid sequence variation in this region, CEACAM3 orthologs from human and chimp also lack an additional N-glycosylation site present in the other species ( Figure 1C ).
To get insight into potential positive selection acting on CEACAM3, we determined the dN/dS ratio between humans, chimpanzees (Pan), orangutans (Pongo) and rhesus monkeys (Macaca) for full-length CEACAM1, CEACAM5, CEACAM3, and Dectin-I, as well as the terminal binding domain of CEACAM3 and Dectin-I ( Figure 1D ). Strikingly, CEACAM3 displays an exceptionally high dN/dS ratio, pointing to an even stronger selective pressure acting on this innate immune receptor, when compared to the previously analyzed epithelial CEACAMs ( Figure 1D ). Interestingly, other phagocyte receptors involved in detecting and eliminating pathogens, such as Dectin-1, which recognizes fungal b-glucans, show a dN/dS ratio that is only slightly elevated from the genome-wide average ( Figure 1D ). CEACAMs and Dectin-1 bind their ligands via their terminal extracellular domain. Therefore, we restricted the analysis to this domain. The low dN/dS ratio seen for the Dectin-1 b-glucan binding domain indicates that there is strong purifying selection acting on this phagocytic receptor in higher primates ( Figure 1D ). In striking contrast, the IgV-like domain of CEACAM3 not only shows a high sequence divergence between humans and chimps (90.6% identity), orangutans (78.5%), and rhesus monkeys (74.7%), but also has an extraordinarily pronounced dN/dS ratio. Comparably high dN/dS ratios can be observed between all analyzed combinations of primate CEACAM3 IgV-like domains, while the divergence between Dectin-I CLEC-domains remains constantly low ( Figure 1E ). This suggests not only that there is an exceptionally strong selection pressure on all CEACAM family members recognizing pathogenic bacteria, but that CEACAM3 in particular appears as one of the fastestevolving primate genes.
Recognition of Human Bacterial Pathogens by Primate CEACAM3 Orthologs Follows a Phylogenetic Gradient
As the IgV-like domain of CEACAM3 appears to be under strong positive selection, we speculated that the amino acid sequence See also Figure S1 and Table S1. alterations acquired during Old World monkey evolution should result in functional consequences with regard to bacterial recognition. To test the binding capabilities of primate CEACAMs, we recombinantly expressed the CEACAM3 extracellular IgV-like domains of humans, chimps, gorillas, rhesus monkeys, and baboons in the form of soluble GFP-fusion proteins (Figure 2A ). Though the CEACAM3 orthologs from gorillas, baboons, and rhesus monkeys showed a slightly reduced mobility upon SDS-PAGE (most likely due to the presence of an additional N-glycosylation site), all GFP-fusion proteins were expressed at similar levels ( Figure 2A ). To compare their ability to recognize different CEACAM-binding proteins, we expressed CEACAM3binding adhesins derived from Moraxella catarrhalis (UspA1), Neisseria gonorrhoeae (Opa 52 The gray box marks an amino acid triplet that is identical in human and chimpanzee CEACAM3 but is distinct in gorilla CEACAM3.
(legend continued on next page) (OMP P1) in E. coli. As laboratory strains of E. coli do not express CEACAM-binding adhesins, the heterologous expression allowed a direct comparison of the association of the CEACAM3 orthologs with different adhesins in the same bacterial background. For detection of binding, the soluble CEACAM3-GFP fusions were incubated with intact bacteria and washed, and bacteria-bound protein was detected by immunoblotting with anti GFP antibodies (see scheme in Figure 2B ). Remarkably, the primate CEACAM3 orthologs showed distinct binding patterns to the bacterial adhesins. While human and chimpanzee CEACAM3 was able to interact with all three bacterial adhesins tested, the binding efficiency of gorilla CEACAM3 to neisserial Opa 52 was clearly reduced, while strong affinity to Moraxella UspA1 was retained. Interestingly, gorilla CEACAM3 completely lacked binding to H. aegyptiusderived OMP P1. In the case of catarrhini, rhesus monkey CEACAM3 only interacted with UspA1, while no binding of baboon CEACAM3 to any of the bacterial adhesins was detected ( Figure 2C ). To confirm these data, we evaluated CEACAM3binding to the bacterial surface by a flow-cytometrybased assay. Again, human CEACAM3 showed exceptionally strong binding to all three bacterial adhesins, and chimpanzee CEACAM3 recapitulated this binding pattern, albeit with reduced binding to H. aegyptius OMP P1 ( Figure 2D ). Confirming the immunoblotting analysis, gorilla CEACAM3 completely lacked binding to OMP P1, while efficiently associating with Opa 52 and UspA1 ( Figure 2D ). Furthermore, rhesus monkey CEACAM3 bound to UspA1, whereas baboon CEACAM3 did not associate with any of the bacterial adhesins ( Figure 2D ). The derived binding profiles for the different primate CEACAM3s are summarized in Figure 2E . Our findings demonstrate that the amino acid sequence alterations observed between primate CEACAM3 orthologs result in differential binding to adhesins derived from human-restricted bacterial pathogens. In this regard, the CEACAM3-mediated recognition of the bacterial adhesins correlates well with the evolutionary distance between these primates. Moreover, the exquisite species selectivity of some of these interactions could allow the identification of critical molecular determinants required for receptorligand binding.
Minor Sequence Alterations in CEACAM3 Allow
Recognition of H. aegyptius OMP P1 Adhesin As H. aegyptius OMP P1 exhibited a striking selectivity for human and chimp CEACAM3, we aligned the human, chimpanzee, and gorilla CEACAM3 IgV-like domains to reveal sequence alterations exclusively found in gorillas. In previous studies, the binding interface of several bacterial adhesins has been mapped to the non-glycosylated CC'FG face of the amino-terminal IgV-like domain [38, 39] . Indeed, a 3-aminoacid-long stretch (HLF, amino acid residues 27-29 of the mature protein) located at the amino-terminal end of the C strand differs between human and chimpanzee versus gorilla ( Figure 3A ). 3D modeling of the human CEACAM3 IgV-like domain revealed a hydrophobic cleft flanking the CC'FG face of the Ig fold formed by the HLF triplet ( Figures 3B and 3C) . To assess the impact of this sequence alteration for OMP P1 binding, we changed the respective amino acid triplet in the gorilla CEACAM3 IgV-like domain to the corresponding human sequence (humanized gorilla, hu-gorilla) and expressed hugorilla as a GFP-fusion protein ( Figure 3D ). Binding assays with E. coli expressing Opa 52 or OMP P1 revealed that introduction of the HLF motif into gorilla CEACAM3 not only permitted binding to OMP P1, but also clearly increased the affinity to N. gonorrhoeae Opa 52 ( Figure 3E ). To confirm these data, we measured CEACAM3 binding to the bacterial surface by an independent flow-cytometry-based assay. In accordance with the previous results, human and gorilla CEACAM3 was able to interact with N. gonorrhoeae Opa 52 , while only hu-gorilla, but not gorilla CEACAM3, was able to interact with H. aegyptius OMP P1 with an efficiency comparable to the human ortholog ( Figure 3F ). To further narrow down the critical residue(s) within the HLF motif, we reverted single residues in the HLF triplet of hu-gorilla CEACAM3 back to the gorilla sequence and created hu-gorilla CEACAM3 NLF, CEACAM3 HRF, and CEACAM3 HLI ( Figure 3G ). Analysis of their binding to OMP P1 revealed that only the hu-gorilla CEACAM3 HLI, lacking the phenylalanine residue F29, was unable to interact with the OMP P1 adhesin while retaining its affinity for Opa 52 (Figures 3H and 3I ). These results demonstrate that within a 3-amino-acid motif found in the human and chimpanzee CEACAM3 IgV-like domain, a single amino acid residue, F29, which generates a hydrophobic notch on the CC'FG face, is responsible for the remarkable specificity for selected pathogen adhesins. It is highly suggestive that this minor sequence change represents an evolutionary adaptation that allows CEACAM3-mediated recognition and internalization of H. aegyptius.
The CC'FG Cleft Architecture Determines Species-Specific CEACAM3 Binding and Pathogen Internalization
To test the functional significance of HLF-motif-mediated binding to OMP P1 of H. aegyptius in a cellular context, we expressed (B) 3D model of human and gorilla CEACAM3 IgV-like domain based on CEACAM3 crystal structure (6AW1). Domain orientation and detail area are indicated (left). The respective HLF and NRI amino acid triplet is colorized for human, gorilla, and humanized gorilla (hu-gorilla) CEACAM3 IgV-like domains in which the NRI triplet was replaced by HLF (center). Surface charge (red, À; blue, +) and hydrophobicity (yellow) mapping is marked separately (right). (legend continued on next page) GFP-tagged human, gorilla, or hu-gorilla CEACAM3 or GFP alone in 293T cells. The cells were then infected for 1 h with Neisseria gonorrhoeae expressing Opa 52 ( Figure 4A ) or Haemophilus aegyptius ( Figure 4B ). Remarkably, differential staining of total and extracellular bacteria unveiled numerous intracellular gonococci in all cells expressing CEACAM3, irrespective of the species origin of the receptor ( Figure 4A ). These results were in line with the observed receptor binding pattern and indicated that gorilla CEACAM3 is functional in mediating internalization of Opa-adhesin-expressing bacteria. When the same set of transfected cells was infected with OMP P1 bearing H. aegyptius, gorilla CEACAM3 did not promote uptake of H. aegyptius, while cells expressing the human or the hu-gorilla CEACAM3 protein readily internalized this pathogen ( Figure 4B ). Equivalent receptor expression levels were verified by western blotting ( Figure 4C ). To evaluate the extent of functional restoration by this 3-amino-acid exchange, we infected cells expressing the different CEACAM3 variants and infected them for 1 h with E. coli expressing H. aegyptius OMP P1 or control E. coli. Internalized bacteria were quantified by gentamicin protection assays ( Figure 4D ). In line with our previous results, E. coli expressing OMP P1 could not be internalized by gorilla CEACAM3, while expression of hu-gorilla CEACAM3 promoted bacterial internalization as efficient as the human CEACAM3 ortholog ( Figure 4D ). These results in 293T cells could be confirmed in neutrophil-like HL60 cells that were stably transduced to express human, gorilla, or hu-gorilla CEACAM3 fused to mKate2. CEACAM3-mKate expression in the derived clonal cell lines was verified by immunoblotting with a mKate-specific antibody as well as via flow-cytometric analysis ( Figure 4E ). As expected, an enhanced internalization of N. gonorrhoeae could be detected in HL60 cells expressing human, gorilla, or hu-gorilla CEACAM3, demonstrating the functionality of all receptor constructs. In contrast, enhanced internalization of H. aegyptius could only be observed in HL60 cells expressing human or hu-gorilla CEACAM3, but not in cells expressing the gorilla variant ( Figure 4F ). No internalization could be observed for H. influenzae by any of the CEACAM3-expressing HL60 lines, demonstrating that CEACAM1 does not contribute to the observed uptake ( Figure 4F ). Together, these data demonstrate that the gorilla and human variants mediate pathogen internalization. However, due to the absence of the hydrophobic notch provided by F29, the gorilla ortholog is unable to internalize H. aegyptius. Humanization of amino acids in the gorilla variant permits efficient H. aegyptius binding and restores pathogen internalization. These findings further support the notion that CEACAM3 sequence alterations are evolutionary adaptations that enable granulocytes to respond to particular pathogens that would otherwise escape this innate immune surveillance.
Pathogen Adhesins Discriminate between CEACAM3 and CEACAM1 Based on Specific Sequence Motifs
If human CEACAM3 rapidly evolves to enable the elimination of various host-restricted bacterial pathogens via phagocytosis, then the adhesins on the bacterial side should also evolve to evade CEACAM3-dependent detection, while retaining binding to epithelial CEACAMs, such as CEACAM1, for efficient host colonization. Accordingly, we screened Opa adhesins and OMP P1 adhesins of different N. gonorrhoeae and H. influenzae isolates for their ability to bind CEACAM1 versus CEACAM3. Analysis of individual Opa or OMP P1 proteins showed that some adhesins (Opa 52 , Opa 70 , Opa 72 , and OMP P1 Hae ) associated with both CEACAM1 and CEACAM3, while a larger fraction of the adhesins (Opa 65 , Opa 73 , Opa 74 , Opa 75 , and OMP P1 Hinf ) exclusively bound to CEACAM1 (CEACAM1optimized adhesins; Figure 5A ). No adhesins that associated with CEACAM3, but not CEACAM1, were detected. These binding assays were corroborated by fluorescence-activated cell sorting (FACS)-based analysis, which confirmed that most tested CEACAM-binding adhesins are optimized for CEACAM1 association, while evading detection by CEACAM3 ( Figure 5B ). Amino acid sequence comparison between human CEACAM3 and CEACAM1 indicated a limited set of amino acid changes that could form the basis for selective CEACAM1 binding (Figure 5C ). We focused on six individual amino acid motifs, based on their predicted positions in the Ig fold, and mutated these residues in CEACAM3 either individually or in combination (Figure 5C ). While all CEACAM3 variants were able to recognize neisserial Opa 52 and H. aegyptius OMP P1, the CEACAM1-optimized OMP P1 of H. influenzae exclusively bound to CEACAM1 and to the CEACAM3 variant, which combined all six mutated locations ( Figures 5D, 5E , and S2A). Binding of OMP P1 Hinf was not observed for variants lacking the V49A and T69P mutation (Figures 5D , 5E, and S2B). For CEACAM1-optimized neisserial Opa-proteins, the observed binding pattern was more complex. Interaction with Opa 65 could be re-established by simultaneous mutation of the RQ site together with the Q, PaN, or T site. Mutation of the CEACAM3-RQ site alone was not sufficient to permit association with Opa 65 , illustrating the synergistic nature of these binding interactions. While the CEACAM3 Q-RQ-PaN-T variant was either incapable of mediating interaction with CEACAM1-optimized adhesins (Opa 73 , Opa 74 , and Opa 75 ) or mediated only weak interaction (Opa 65 ), the additional mutation of V49A and T69P strongly promoted the binding to the bacterial adhesins ( Figure 6E ). These findings illustrate the fine-tuning of CEACAM3 binding to particular bacterial adhesins by singleamino-acid changes. From our results, we would predict that polymorphisms at the CEACAM3 locus might promote binding to microbes that otherwise evade detection by the common Figure 6A ). Remarkably, these SNPs not only convert the amino acids at these positions to the corresponding CEACAM1 sequence, but occur at exactly those sites, which appeared to be highly relevant for adhesin-CEACAM selectivity (see Figures 5D and 5E ). All of these SNPs are strongly enriched in Africa and are present there in 35.1% (S43R), 35 .1% (L44Q), 37.4% (V49A), and 38.1% (T69P) of individuals ( Figures 6A and S3 ). Closer inspection of the distribution of these SNPs revealed that they almost exclusively co-occur in the same individuals as they are presumably present in the same allele ( Figure 6B) . Moreover, the loci show extended haplotype homozygosity as evaluated with the hapbin program, where an integrated haplotype score (jiHSj) of >2 is indicative of recent selection [41, 42] . The fact that an jiHSj >2 for these four SNPs is found only in several African populations, including the Esan in Nigeria, the Luhya in Kenya, and Yoruba in Nigeria, as well as people with African ancestry from southwestern America or the Caribbean (a total of 463 genomes analyzed), indicates a puzzling regional selection on CEACAM3. As R43, Q44, and A49 also contributed to enhanced recognition of CEACAM1-optimized Opa proteins by CEACAM3 (see Figures 5D and 5E ), we directly assessed the functional relevance of these naturally occurring CEACAM3 variants. GFPfusion proteins of CEACAM3-IgV variants reflecting either the common allele or the SNP-based variants were compared to CEACAM1-IgV for their binding to different pathogen adhesins. As before, CEACAM1 and CEACAM3, as well as all SNP-based variants of CEACAM3, efficiently interacted with Opa 52 and OMP P1 Hae (Figure 6C) . Strikingly, the V49A substitution in CEACAM3 alone was sufficient to permit interaction with all tested CEACAM1-optimized Opa-proteins ( Figure 6C ). Furthermore, the combination of A49 with R43/Q44 allowed CEACAM3 to also bind to OMP P1 of H. influenzae, a pathogen not recognized by the common allele of CEACAM3 ( Figure 6D ). The differences in binding of CEACAM3 variants to Opa and OMP P1 adhesins were even more obvious in the FACS-based evaluation, where the combination of the R43, Q44, and A49 polymorphisms transformed the non-binding common allele of CEACAM3 to a strong binder for OMP P1 Hinf (Figures 6E, S3B, and S3C ). 3D modeling of the various CEACAM3 IgV-like domains showed that the S43R, L44Q, and V49A residues are positioned at the CC'FG face, while the T69P substitution is placed on the opposite face of the IgV-like domain, explaining the lack of a major contribution from the T69P polymorphism ( Figure 6F ). Together, these results demonstrate that CEACAM3 alleles in the human population reflect the molecular adaptations and counter-adaptations of functionally connected host and pathogen proteins and provide an example for a Red Queen scenario embedded in the human genome.
DISCUSSION
Innate immune receptors act as sensors and a first line of defense against pathogens. Several pattern-recognition-receptor families, such as TLRs, NOD-like receptors, and RIG-like receptors, are directed against broadly conserved microbial structures and are mainly under purifying selection in primates [43] [44] [45] [46] . In contrast, the innate immune receptor CEACAM3, which recognizes adhesins expressed by a group of human-restricted bacterial pathogens, emerges as one of the fastest-evolving human genes. Interestingly, CEACAM3 appears as a rather recently evolved CEACAM family member, as bona fide CEACAM3 orthologs could not be detected in the genomes of lemurs and New World monkeys. All orthologous CEACAM3 genes identified in higher primates occupy a syntenic locus, share the same exon-intron structure, encode a similarly sized protein, and harbor the YxxL-YxxM hemITAM signature, which is critical for CEACAM3 function and discriminates CEACAM3 from other ITAM-encoding CEACAM family members [19-23, 47, 48] . Therefore, our findings suggest that CEACAM3 appeared as a novel family member around 35 million years ago, when Old World monkeys branched off the other siminiformes [49] .
The appearance of novel genes has occurred multiple times in the CEACAM family, as this group of Ig-related proteins has a distinct assortment of membrane receptors in each mammalian lineage [50] . It has been noted earlier that, similar to the situation in primates, expansion of CEACAMs in marsupials, bats, and carnivores resulted in the occurrence of paired receptors that have similar extracellular domains but encode either immunoreceptor tyrosine-based inhibitory motifs (ITIMs) or activatory motifs (ITAMs) in their cytoplasmic part [50] [51] [52] . This phenomenon has been explained by the role CEACAMs could play in immunoregulation and by pathogen-driven selection, but direct evidence for the latter has been lacking. Clearly, epithelial CEACAMs serve as a mucosal docking site for viruses and bacteria, providing a plausible explanation for their rapid diversification in mammals. For example, epithelial CEACAMs are exploited by several potentially deadly microbes such as meningococci and H. influenzae, which can cause bacterial meningitis [53] . Moreover, gonococci, one of the most common sexually transmitted bacterial pathogens and the causative agent of gonorrhea, have led to neonatal blindness and infertility in a pre-antibiotic world [54, 55] . At the moment, we can only speculate about the selective forces behind the appearance of CEACAM3 within the primate lineage. However, fatal bacterial infections (meningitis) and reduced reproduction resulting from venereal diseases (gonorrhea) are strong selective pressures that could favor the development of a germline encoded innate immune receptor. Pathogenic Neisseriae (the gonococcus N. gonorrhoeae and the meningococcus N. meningitidis) and Haemophilus influenzae are specialized pathogens strictly adapted to their human host. Indeed, while they can infect apes and have occasionally been isolated from captive chimpanzees or gorillas [56] , they are considered to be naturally restricted to humans. This is in line with the idea that CEACAM3 targets host-restricted bacteria and that human, but not monkey, CEACAM3 can bind at least a portion of these human-adapted pathogens. To investigate whether CEACAM3 orthologs in primates other than man play a similar role in defense against specialized bacterial pathogens, one would need to study pathogenic bacteria isolated from wild chimpanzees, gorillas, or rhesus monkeys. However, there is little knowledge about host-restricted bacteria in apes and higher monkeys, and bacterial isolates from these endangered species are not available in common strain repositories. Moreover, focused searches for several important sexually transmitted microbes in wild chimps and gorillas have failed to detect bacterial pathogens known from the human genital tract such as Chlamydia spp. or Treponema pallidum [57] . Therefore, only detailed microbiome analysis and isolation of bacteria from wild apes will provide the appropriate starting point to test whether primate CEACAM3 orthologs are better in recognizing strains derived from the autochthonous microbial flora of the respective apes.
As CEACAM-binding pathogens exploit epithelial members of the CEACAM family, such as CEACAM1 and CEA, to facilitate colonization of host mucosal surfaces [15] , binding to these epithelial CEACAMs should be favored. On the other hand, avoidance of recognition by CEACAM3 allows evasion of opsonin-independent phagocytosis mediated by this granulocyte receptor. In line with this idea, our detailed analysis of numerous pathogen adhesins detects a clear bias of CEACAM1 versus CEACAM3-binding in Opa and OMP P1 adhesins and confirms earlier studies [27, 58] . A strong indication that CEACAM3-based detection is to the disadvantage of the pathogen is the fact that selective CEACAM3-binding adhesins, which lack binding to the epithelial CEACAMs such as CEACAM1 or CEA, do not seem to exist. To identify the molecular determinants that allow pathogens to discriminate between CEACAM1 and CEACAM3, we converted the amino acid sequence of the CEACAM3 IgV-like domain in a stepwise fashion to reflect the CEACAM1 primary structure. This extensive mutagenesis approach revealed a minimal set of three amino acid changes on the CC'FG face of the IgV-like domain (S43R, L44Q, and V49A) that dramatically broaden the binding spectrum of CEACAM3 to not only recognize CEACAM1-optimized neisserial Opa proteins, but also to detect the OMP P1 adhesin of H. influenzae. Strikingly, all three amino acid alterations are also carried by polymorphic human CEACAM3 alleles, which show signatures of positive selection in African populations. These findings are in line with the idea that CEACAM3 polymorphisms could provide a selective advantage, by controlling a wider range of CEACAM-binding pathogens, and that this positive selection could form the basis for the rapid evolutionary divergence of CEACAM3 seen in different primate species.
Recent crystallographic studies have revealed the binding mode of another CEACAM-specific adhesin, the HopQ protein of Helicobacter pylori. This adhesin also mediates a direct protein-protein interaction with the CC'FG face of the CEACAM IgV-like domain, where it covers a large surface area [39, 59] . In contrast to the CEACAM1-optimized neisserial Opa proteins and the OMP P1 Hinf , HopQ exhibits increased affinity for V49 (as found in the common allele of CEACAM3) compared to A49, as it is found in CEACAM1 [59] . Therefore, the same amino acid change from V49 to A49, which is instrumental to allow CEACAM3-mediated recognition of several Opa proteins of N. gonorrhoeae and of H. influenzae OMP P1, might come at the cost of reducing affinity for Helicobacter HopQ. In the long run, the multivariate selection pressure exerted on CEACAM3 by different pathogens and their CEACAM-binding adhesins could lead to balancing selection, which maintains distinct alleles in the population. Based on prevalence and severity of the corresponding infectious diseases, the allele frequencies in a given population could differ, with heterozygotes being able to efficiently recognize a broader range of bacterial pathogens via granulocyte-expressed CEACAM3.
Accordingly, combining the common CEACAM3 allele with a second CEACAM3 allele that mimics the CEACAM1 sequence at three positions and occurs in about one-third of the African population could eliminate a blind spot in innate immune protection against CEACAM-binding microbes and could afford an advantage for people heterozygous at the CEACAM3 locus.
Together, our study uncovers a hitherto underappreciated immune receptor, CEACAM3, as one of the most rapidly evolving human genes. Amino acid alterations in this receptor are the basis for recognizing a structurally diverse set of adhesins from gram-negative, human-restricted bacteria. Importantly, CEACAM3 polymorphisms occurring in the human population expand the repertoire of recognized pathogen adhesins, suggesting an ongoing arms race in line with the Red Queen hypothesis.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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CEACAM enrichment from cell lysates
To enrich Opa 52 binding CEACAMs from HL60 cell lysates, Neisseria gonorrhoeae expressing Opa 52 were harvested from an agar plate and resuspended in a fixation solution (4% PFA in PBS) for 20 min. After three washing steps with PBS, $2.5 3 10 9 fixed bacteria were added to 1 mL HL60 cell lysate ($5 3 10 7 cells) and rotated at 4 C for 1 h. Neisseria were collected by centrifugation at 5000 rpm for 5 min at 4 C and washed twice with PBS.
Structure modeling of CEACAM3 IgV-like domains CEACAM3 protein sequences were modeled on the crystal structure of the N-terminal domain of human CEACAM3 (6AW1) [39] utilizing ''SWISS MODEL'' automated protein structure homology-modeling [69] . Hydrophobicity and charge mapping was performed using a previously published YRB-Script [65] .
QUANTIFICATION AND STATISTICAL ANALYSIS
The internalization of adhesin expressing bacteria by HEK cells expressing was quanitifed by counting of colony forming units in three technical replicates. Average-data from three independent experiments, each performed in triplicate, were compared using the twotailed t test in GraphPad Prism 5.0.1. A significance threshold was set at p < 0.05. See figures and figure legends for the statistical details.
